Previous studies have suggested that tropical cyclones (TCs) in deformation steering flows can be associated with large position errors and uncertainty.
moves onto either side of the axis of contraction due to the ensemble perturbation steering flow. As a TC moves away from the saddle point, the ensemble members subsequently experience different ensemble-mean steering winds, which act to move the TC away from the ensemble-mean TC position along the axis of dilatation. By contrast, the position forecasts appear to exhibit less sensitivity to the steering wind more than 500 km from the initial TC position, even though the TC may interact with these features later in the forecast. Furthermore, forecasts initialized at later times are characterized by significantly lower position errors and uncertainty once it becomes clear on which side of the axis of contraction the TC will move. These results suggest that TCs in deformation steering flow could be inherently unpredictable and may benefit from densely sampling the near-storm steering flow and TC structure early in their lifetime. value (e.g., Yamaguchi et al. 2017) . In many of these situations, the track forecast is quite sensitive 38 to specific features, such as upper-tropospheric troughs, leading to anisotropic position variability 39 (i.e., position variability that occurs preferentially in one coordinate direction); therefore, it is of 40 interest to understand how uncertainty in specific features results in large position variability for 41 these cases.
42
Previous studies have suggested that TC track is primarily a function of the deep-layer wind field 43 (i.e., steering flow, e.g., George and Gray 1976 ) and the advection of planetary vorticity by the TC 44 circulation (e.g., Holland 1983) . In general, the deep-layer steering wind is often closely related 45 to the 500-700-hPa winds (e.g., Chan and Gray 1982) ; however, individual cases can exhibit large 46 variability in the steering flow depth (e.g., George and Gray 1976; Dong and Neumann 1986; 47 Velden and Leslie 1991; Aberson and DeMaria 1994) . Given that the wind speed and direction 48 is often determined by the interaction of large scale features, it is possible that the motion or 49 structure of nearby synoptic-scale features could be associated with TC position errors (e.g., Carr 50 and Elsberry 2000; Wu et al. 2004 ).
51
One method of evaluating the origin of TC position errors is through sensitivity analysis, which 52 provides information about how small changes to the initial conditions can impact a forecast met- 
63
In many of these cases, the TC is in close proximity to an upper-tropospheric potential vorticity 64 (PV) anomaly. Furthermore, the divergent outflow from the convection can distort the PV field via 65 advection (e.g., Archambault et al. 2013 ), leading to changes in the wind in the upper troposphere 66 and hence the steering flow (e.g., Bassill 2014; Torn et al. 2015) . As a consequence, it is not sur-67 prising that some TC position forecasts are sensitive to the distribution of latent heat release and 68 divergent outflow.
69
One of the most difficult TC position forecasts appears to be associated with instances when the 70 TC is located along the axis of contraction within a larger-scale deformation wind field. These sensitivity is determined by moving the TC to a new location in the model initial conditions, or by 75 relaxing the initial conditions in specific regions around the TC (e.g., Nystrom et al. 2018 ). In the 76 case of Hurricane Sandy, which was also located in a deformation flow, differences in convection 77 (e.g., Bassill 2014; Torn et al. 2015) or small differences in the steering flow (e.g., Munsell and 78 Zhang 2014) early in the forecast led to Sandy moving onto opposite sides of the axis of contrac-79 tion, leading to dramatically different track forecasts. Nevertheless, most of these previous studies 80 are individual case studies and employ different techniques to assess the source of the position 81 variability, which makes it difficult to draw more general conclusions on position sensitivity in 82 these instances. As a consequence, it is worthwhile to determine whether TC position forecasts 83 within large-scale deformation steering flow are more sensitive to uncertainty in the evolution of 84 remote features, such as midlatitude troughs or ridges, or if these forecasts are more sensitive to 85 the steering flow associated with nearby features over a larger set of cases. Furthermore, it is im-86 portant to quantify the role of initial position uncertainty, which is non-zero for most TCs (e.g.,
87
Torn and Snyder 2012; Landsea and Franklin 2013).
88
The goal of this study is to evaluate the role of remote and nearby steering flow uncertainty The remainder of the paper proceeds as follows. Section 2 describes the dataset and methods 98 used in this study. Section 3 provides a brief overview of the three cases, while section 4 describes 99 the sensitivity of the position forecasts to the steering flow. A summary and conclusions are given 100 in section 5. for many initialization times, the focus of this study will be in the ensemble forecast initialized 218 0000 UTC 27 August (Fig 6a) , which is is one of the last initialization times that contains sig- this suggests that the initial position and steering flow uncertainty is important.
239
Prior to understanding the role of 0-h steering flow differences, it is necessary to determine the 240 appropriate steering flow for Debby over this period. Fig. 8a shows the mean-absolute difference 241 between the steering flow computed using the variety of depths and radii using the Galarneau Table 1 ). The suggesting that early lead time steering flow differences are strongly related to the subsequent 256 position differences.
257
Steering flow is the vertically-integrated wind, thus it is possible that the uncertainty in the 
283
The steering flow differences appear to be tied to uncertainty in the synoptic features surrounding 284 Debby. Fig. 10b indicates that the 48-h position forecast is sensitive to the 0-h 500 hPa geopotential 
310
The steering flow differences between the western and eastern members of the ensemble show a 311 general transition from differences that are dominated by the perturbation wind to differences dom- easterly perturbation steering wind (statistically significant difference at the 95% level), while the 315 ensemble-mean steering wind is comparable between the members (Fig. 11a) . By 12 h, the dif-316 ference in the perturbation steering flow between the eastern and western members increases to 317 0.6 m s −1 ; however, because the eastern members are now east of the axis of contraction (Fig. 1b-318 c), the ensemble-mean steering flow is westerly, while the western members are characterized by which subsequently lead to the large divergence in position forecasts beyond 48 h.
328
Forecasts initialized 12 and 24 h later support the notion that Debby's large position variability (Fig. 2b) . Moreover, ensemble forecasts initialized at 333 0000 UTC 25 June have no members west of 90 • W, with additional members closer to the best 334 track position (Fig. 2c) . Over these three forecast cycles, there is a significant reduction in both forecasts) is strongly determined by its position variability within the first 24 h (Fig. 7b) . Unlike 0-24 h period, the optimal steering flow is defined using the 250-850 hPa wind with a 333 km TC 355 removal radius (Fig. 8b) , which is consistent for all ensemble members (not shown). In particular, 
364
The 72 h position forecast along the major axis appears to be most sensitive to the steering 365 wind near the TC during the first 12 h. region by 12 h (Fig. 13c) . It is worth pointing out the region of negative sensitivity that is present The ensemble position differences appear to be related to the combination of both perturbation 387 and ensemble-mean steering flow differences among the members. Fig. 11b shows the composite number that are close to the best track (Fig. 4b) , the 0000 UTC 1 October initialization time (Fig. 12b) . Furthermore, the ensemble standard deviation decreases by over a factor of 412 two in between these initialization times. These later forecasts have more certainty on which side times during the first 24 h of the forecast (Fig. 7c) . Specifically, the correlation is not statistically 418 significant until 36 h into the forecast, at which point the correlation quickly increases to 0.6. In Instead, there appears to be significant correlation between the component of the steering flow 422 in the direction of the major axis and the 72 h position. For this case, the optimal steering flow 423 parameters are the 200-850 hPa layer-average wind with a 333 km TC removal radius (Fig. 8c) .
424
While the correlation at 0 h is not statistically significant, by 12 h, the correlation with the steering 425 flow exceeds 0.5 and increases to nearly 1.0 by 60 h, before decreasing thereafter due to the large 426 variability in the steering flow that is a consequence of the over 1000 km difference in position 427 between members (Fig. 7c) . The large correlation with the steering flow before 24 h suggests that sensitive to variability in the 500 hPa wind, with comparatively less sensitivity above and below 431 that (Fig. 9c) . 
20
Lionrock and on the southern edge of the anticyclone to the southeast of Lionrock (Fig. 14b) . It is 445 worth pointing out that most of the track sensitivity is associated with the component of the wind 446 normal to the mean steering flow and to the axis of contraction, similar to the previous cases.
447
The evolution of the steering flow near Lionrock appears to be related to uncertainty in two 448 troughs in the nearby 500 hPa height field that subsequently evolve with time (Fig. 15) . At 0- later, the sensitive regions appear to move with Lionrock and the eastern China trough (Fig. 15c) .
460
The sensitivity to the 24 h 500 hPa height field near Lionrock takes on a quadripole pattern, which 461 appears to be a combination of two orthogonal dipoles centered on Lionrock (Fig. 15e) . The first (the sensitivity to the 250 hPa PV is consistent with this hypothesis; not shown).
474
In addition to the sensitivity associated with the location of various synoptic features, Lionrock's 475 position forecast appears to have a secondary sensitivity to the amplitude of diabatic outflow.
476
During the first 12 h, the sensitivity to the 200-300 hPa divergence (used as a proxy for diabatic 477 outflow) is scattered and smaller in amplitude compared to 500 hPa height (Fig. 15b,d) . By 24 h,
478
there is a region of positive divergence sensitivity co-located with the ensemble-mean divergence 479 over South Korea, which is downstream of the ensemble-mean trough (Fig. 15f) . The increased 480 divergence subsequently leads to a more negatively-tilted PV anomaly, which in turn would be 481 expected to impart a more southeasterly steering wind on Lionrock (not shown).
482
Much of the position difference between the 10 most northwest and southeast members is ex-
483
plained by a transition from differences in the perturbation steering wind to differences in the 484 ensemble-mean steering wind (Fig. 11c) . By 12-h, the perturbation steering wind in the direction tains a large number of members that stall east of Japan (Fig. 6b) , nearly all members from the 496 0000 UTC 28 August initialization replicate the actual northwesterly motion over Japan (Fig. 6c) .
497
Moreover, there is a 85% reduction in the ensemble-mean position error and 65% reduction in the and 0000 UTC 28 August initialization time (Fig. 12c) 500
Summary and Conclusions

501
This study evaluates the sensitivity of TC position forecasts within the ECMWF ensemble for variability to the case-specific steering flow at various lead times.
508
For all three cases, the largest position forecast sensitivity is mainly tied to variability in the 
